To meet the demand of a player 's entourage (e.g., coaches and medical staff) 
Introduction
Current technologies influence sport performance by providing specific and accurate physical and physiological information. In the tennis biomechanics area, kinetic and kinematic variables are regularly considered for performance enhancement as well as injury prevention (Kovacs and Ellenbecker, 2011) . For example, legs drive (Girard et al., 2007) , trunk rotations (Bahamonde, 2000) , ball accuracy (Göktepe et al., 2009) , racket velocity and height at impact (Martin et al., 2014; Whiteside and Reid, 2016) are described in the literature as performance variables, while dominant shoulder internal and external rotations (Elliott et al., 2003) or trunk rotations (Martin et al., 2014) could intervene in injury mechanisms.
To meet the demands of a player's entourage (e.g., coaches and medical staff), it is important for the biomechanics specialist to perform repeatable measures and subsequently provide efficient longitudinal follow-up evaluations to the player. Thus, effect of training or rehabilitation sessions can be observed through repeated evaluations. The reliability of kinetic and kinematic measurements has already been determined in the literature for the gait (Manca et al., 2010) , but to the best of our knowledge, there has been no study conducted on the tennis serve in terms of biomechanical evaluation. The main literature on test-retest situations in tennis is described in terms of groundstroke evaluations and not of a biomechanical evaluation (Ferrauti et al., 2011) .
The laboratory context allows performance of biomechanical evaluations with maximally controlled conditions, while numerous uncontrollable external variables influence field situations. However, what is observed in the laboratory might not be transposable to the real tennis court context because the physical environment and psycho-emotional feelings differ markedly between these two contexts of testing. It is important to consider this question as many publications in the field of sports are based on a laboratory context and not the actual sports field (Tubez et al., 2015 (Tubez et al., , 2017 . The agreement between the laboratory and the sports field has already been studied and reported in the literature for cycling physiology (Karsten et al., 2014) and softball performance (Smith and Kensrud, 2014) . On the contrary, in soft-tennis, the kinematic and kinetic characteristics of the smash under match conditions differ from those observed under laboratory-simulated conditions (Ida et al., 2005) . To the best of our knowledge, it has not been demonstrated to date whether similar results are obtained for laboratory and field tennis serve kinematic protocols comparisons, although we could expect repeatable measurements because the tennis serve is a closed skill.
This study had two main aims. First, the inter-session repeatability of biomechanical variables of a tennis serve was evaluated. Second, the differences between laboratory and field evaluations were studied. We focused on variables regularly used in the literature and dedicated to tennis serve evaluation. Variables determined to be reliable between two sessions and between the two contexts (laboratory versus tennis court) could be used in the future by biomechanics specialists.
Methods

Participants
Our study was divided into two parts. The first part focused on the reliability of measures under laboratory conditions. Thirteen players (22 ± 3 years, 180 ± 5 cm, 71 ± 7 kg) performed the same 28 markers' set laboratory test twice two weeks apart. The second part focused on the influence of the laboratory versus the tennis court context on the characteristics of the serve. Thirteen players distinct from the first part of the study (23 ± 3 years, 180 ± 4 cm, 75 ± 7 kg) performed two 4 markers' set tests both in the laboratory and on an indoor official tennis court one week apart. For both parts of the experiment, the players were men without injuries who were right-handed and advanced tennis players ranked International Tennis Number 3.
The reported protocol was approved by the Medical Ethics Committee of the University of Liège (Belgium). All players provided written informed consent in accordance with the Declaration of Helsinki.
Instrumentation
An optoelectronic system based on four Codamotion CX1 units (Codamotion™, Charnwood Dynamics, Rothley, UK) was used in the laboratory and on the court to measure 3-dimentional kinematic variables of the lower limbs, trunk, dominant arm and racket. The acquisition rate was equal to 200 Hz.
Depending on the test, twenty-eight or four active markers were used. For the 28 markers' set ( Figure 1 ), four markers were placed on the dominant arm, four on the dominant forearm and two on the dominant hand (Schwartz et al., 2016) . Two markers were placed on both sides of the racket, and one was placed on the top (Whiteside et al., 2013b) . The barycentre of the racket was considered to be at the center of these markers. Four markers were placed on both legs, four on the pelvis and four on the trunk. The trunk markers were placed in accordance with the International Society of Biomechanics (Wu et al., 2005) . A pointer was employed to digitalize the following additional anatomical landmarks: D8, left and right posterior-superior iliac spine, right lateral epicondyle, right medial epicondyle joints. The center of the right glenohumeral joint was calculated using the method proposed by Gamage and Lasenby (2002) . For the tests, all of the players used their own racket. With regard to the 4 markers' set protocol, only the three racket markers and the wrist marker were used. Only 4 markers were used for the field test to have a comparison closer to the real game (less markers on the body) and limit the possible influence of the extended marker set test.
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Part of a tennis court (Figure 2 ) was reproduced in the laboratory (Tubez et al., 2015) . The width of the court was smaller (5.8 m) than the normal size (8.23 m) in order to accommodate the laboratory conditions, yet the distance to the square (length) was the same as in an official tennis court. The net was placed at the distance and height specified under tennis regulations (International Tennis Federation, Roehampton, England) .
A one-square-meter target was positioned at the "T" zone of the deuce square (Martin et al., 2014) . This procedure is in accordance with the characteristics described by Whiteside and Reid (2016) who proposed to serve in this area to perform an ace.
A personal method based on a point scoring system, as encountered in the literature, was developed to evaluate the ball landing location accuracy (Figure 3 ) (FernandezFernandez et al., 2014) . The closer the ball was to the "T zone", the more points were given.
Design and procedures
Each player performed a personal ten minute general warm-up using elastic bands and a jump rope. A five-minute specific warm-up composed of tennis serve trials was also realized by each player. This warm-up was conducted as during tennis training or a match (Reid et al., 2010; Whiteside et al., 2013a) . This period also allowed the players to familiarize themselves with the laboratory and the target area. Thereafter, the markers were placed on the skin by an experiment operator. The players were later allowed to conduct an additional five minute serve practice. The duration of the warm-up was set in order to avoid fatigue. The serve evaluation started after the familiarization. The evaluation consisted of 15 trials of a tennis serve in the direction of the "T" area with 30 s rest intervals between each trial. Instructions were "to serve in the one square meter zone with the highest racket speed and minimal ball rotation, as in a flat serve" (Bahamonde, 2000) .
Data reduction and analysis
The three best serves of each test were selected (Mullineaux et al., 2001 ). Selections were first based on the ball landing location (in the onesquare-meter zone) and second on the racket speed at impact. If the number of serves selected based on these criteria were not sufficient, serves close to the 1-m² zone with a high racket speed were taken into account. For the accuracy variable only, we analyzed all 15 serves. We set the x-axis as antero-posterior in the direction of the net, yaxis as parallel to the baseline in the direction of the right and the z-axis as vertical in the direction of the top.
With X being the antero-posterior direction, Y being the lateral direction and Z the infero-superior direction, orientations of the pelvis relative to the laboratory, of the thorax relative to the pelvis, of the arm relative to the thorax, of the forearm relative to the arm, of the wrist relative to the forearm and of the racket relative to the laboratory were evaluated using ZYX, YXZ, XZY (Bonnefoy et al., 2010) , ZXY (Wu et al., 2002) , XYZ (Wu et al., 2002) , ZXY Cardan decomposition, respectively. To compare the bone rotations of different subjects, a unique humeral reference position was defined: all humeral rotations were set to 0° for the initial posture, with the arms along the body and the elbow being flexed at 90°.
Variables and time points of interest
The serve action is a succession of key events and phases (Giblin et al., 2017; Whiteside et al., 2013b) . Propulsion is the phase delimited with the high racket point (HRP or trophy position) and the low racket point (LRP). Forward swing is the phase between the LRP and impact. To compare the serves, impact was chosen as the reference instant (time = 0.0 s).
The variables of interest were those considered important in the literature to generate racket velocity and are described hereafter (Whiteside et al., 2013b) . The serve starts with the player's leg drive during the propulsion phase. The energy from the legs is then transmitted through the body up to the racket to finally reach the ball at impact. The distance between the feet (foot technique) is calculated between both hallux markers at the leg drive instant. Peak knee flexion indicates the magnitude of preparation before the leg drive. Lower limb triple extension (combination of ankle, knee and hip extension velocities) (Whiteside et al., 2013b ) is the kinematic representation of the leg drive propulsion. The action of the leg drive can also be evaluated through the ground reaction forces. Energy is transmitted from the legs to the trunk through the pelvis. The consequence of this Journal of Human Kinetics -volume 66/2019 http://www.johk.pl transmission is partly represented with vertical back hip velocity (Tubez et al., 2015) . The peak separation angle and peak trunk-pelvis angle represent the angles between the shoulder and the pelvic girdles, respectively, in the frontal and transversal planes. These findings indicate the magnitude of preparation of the trunk to transmit the energy flow to the dominant arm. Trunk twist velocity in the transverse plane was also calculated as representation of the dynamic movement of the trunk with respect to the pelvis. At the shoulder, the peak external rotation angle, peak internal rotation velocity, and abduction angle at the impact position were also considered. During the forward swing, the peak elbow extension velocity and the peak wrist flexion velocity were determined. Resultant racket velocity (norm of the velocity) and racket height (barycenter of the three racket markers) were determined at the impact position. Orientation of the racket at impact is expressed with respect to the rotation axis: backward tilt (y-axis), lateral tilt (x-axis) and polar rotation (z-axis).
Only racket and center of motion variables were kept and used for the comparison between the laboratory and tennis court conditions.
Statistical analysis
Descriptive statistics (mean and standard deviation) were calculated for both groups.
For the inter-session comparison, the relative and absolute reliability of the variables were examined using an Intraclass Correlation Coefficient (ICC 2,1) and a paired Student's test, respectively. The ICC "represents the proportion of variance in a set of scores that is attributable to the true score variance" (Weir, 2005) . The ICC is presented as value [95% CI low value/95% CI high value] (Bosquet et al., 2010) . The ICC 'cut-off' ranking was interpreted as poor (ICC < 0.40), fair (0.40 ≤ ICC < 0.70), good (0.70 ≤ ICC < 0.90) or excellent (ICC ≥ 0.90) (Coppieters et al., 2002) .
For the comparisons between the laboratory and field evaluations, absolute reliability was determined with the Student's ttest for a parametric distribution and Wilcoxon tests for non-parametric distribution.
All calculations were made using Statistica 10 (Statsofts, Tulsa, OK), MedCalc 13.3.3 (MedCalc Software, Ostend, Belgium) and Excel 2013 (Microsoft, Washington, United States of America). Table 1 shows repeatability in laboratory conditions, while Table 2 shows the influence of the laboratory versus field context.
Results
With regard to the inter-session reproducibility (Table 1) , the majority of the kinetic and kinematic variables of the lower limbs presented good relative reliability (ICC > 0.7). The Student's t-tests did not show a significant difference between the tests, except for "Height barycenter racket position at impact", "Racket lateral tilt at impact" and "Racket propulsion duration".
Though lower relative reliability results were observed for upper limb variables compared to lower limb variables, the dominant arm (which holds the racket) presented good ICC values (0.70 ≤ ICC < 0.90). Temporal variables expressed in seconds before impact were repeatable in the inter-session test except for the maximal external rotation, which presented a poor ICC (<0.4). With a poor ICC value, accuracy of the ball seemed to be not reliable for the inter-session test. Variables of the racket were reliable except for the backward tilt and polar rotation, which presented poor results of inter-session repeatability.
Only "Height barycenter racket position at impact" highlighted a significant difference in the comparison between the laboratory and field testing (Table 2) .
Discussion
Certain biomechanical variables are frequently described in the literature as performance variables for the tennis serve (Whiteside et al., 2013b) and/or to prevent injury of the tennis player (Martin et al., 2013) . The goals of this study were (1) to verify the inter-session repeatability of these biomechanical variables during a tennis serve and (2) to measure the concordance of the evaluations made in a laboratory and on a tennis court. The choice of a protocol to perform a kinematic evaluation of the tennis serve depends on multiple factors, such as choice of the population, warm-up, definition of the gesture, racket type, number of attempts, localization of the test, as well as camera and marker placements (Tubez et al., 2017) . 
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Figure 2
Representation of the laboratory setup.
Figure 3
Scoring system based on the Fernandez-Fernandez et al.'s procedure (2014) . The dark zone represents the one square meter zone with maximum points.
This study used a protocol in accordance with the current literature on tennis serve evaluation (Martin et al., 2014; Tubez et al., 2017; Whiteside et al., 2013a) . High-level players in their age categories were proposed to perform 15 first serves in the "T area" of the deuce diagonal in a laboratory tennis court.
The tennis serve is a succession of phases determined by various positions. Giblin and colleagues (2017) proposed a model with three phases (preparation, propulsion and forward swing) and four key events (ball release, trophy position, racket low point and impact). Occurrence of these instants and phases seems to be reliable for inter-session tests and the laboratory versus field comparison (trophy position or HRP, racket low point, propulsion and forward swing).
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The lower limbs play an essential role in the biomechanics of the serve (Bonnefoy et al., 2009) . Foot technique (foot-up versus foot-back) and kinetic peak ground reaction forces are described as performance variables in the literature (Girard et al., 2005 ). An excellent relative inter-session reliability is observed for this kinetic variable. Although this step has already been taken in a tennis court laboratory (Martin et al., 2014) , a force plate integrated into an official tennis court is hardly imaginable, and even less so in a context of competition. The laboratory context with a platform integrated in the ground shows a real interest for the tennis serve kinetic evaluation. Leg drive causes lower limb triple extension and an increase in the ground reaction forces (Girard et al., 2007; Whiteside et al., 2013b) . The triple extension of the legs creates a back hip upward velocity, which is described as an essential factor in the transmission of energy from legs to upper body segments (Sweeney et al., 2012; Whiteside et al., 2013b) . These two variables present high inter-session reliability.
The energy flow is transmitted along the kinetic chain from the lower limbs to the upper limbs through the trunk (Kibler, 2014; Martin et al., 2014) . Lower-limb kinematics measurements seem less prone to variations than trunk and dominant arm variables. It is likely that adaptations and compensations are greater at the end of the kinetic chain (upper limbs) than at the start (lower limbs). The results show gestural and temporal modifications of the kinematics. According to Giblin and colleagues (2017) , the player adapts the serve kinematics to the ball trajectory during the toss in order to coincide with the final ball impact location and timing.
Trunk rotations are paramount to the development of high hitting speeds (Elliott, 2006) . Separation girdles amplitude and velocities are factors to be considered in the transmission and generation of the energy flow (Whiteside et al., 2013a) . The trunk, the link between the lower and the upper limb, is also a source of injuries that is important to prevent (Martin et al., 2013; Tubez et al., 2015) . The trunk variables observed in this study present good inter-session reliability.
The dominant upper limb is the last part in the transmission of the energy flow from the legs to the racket during the tennis serve. Similar to knee flexion and trunk rotation, shoulder external rotation prepares the transmission and the generation of energy in the kinetic chain. Maximal shoulder external rotation is described for performance and injury prevention (Elliott et al., 2003) . It has been also shown that internal shoulder rotation velocity is a very important variable in the production of ball speed (contribution greater than 50% of the racket velocity at impact) (Marshall and Elliott, 2000) . Elbow extension and wrist flexion are the last motions that generate and transmit energy to the racket. All of these performance variables present good inter-session reliability. Impact height is also crucial to perform an efficient tennis serve or an ace (Whiteside and Reid, 2016) . In this protocol, the barycenter (center of the three racket markers) height is used as an approximation of the ball impact height. This approach is also used in the literature (Bonnefoy et al., 2009) . Similar results are observed in comparison with the literature (Chow et al., 2003) and excellent reliability is observed in the inter-session procedure. We observed higher impact height on the tennis court than in the laboratory. The tests were performed in a laboratory with a lower ceiling (4.00 m) than on the tennis court (<12.00 m). The players might have been influenced by this context. However, limited influence on the kinematics of gestures and the serve performance was observed.
Ball velocity is also an essential variable of the performance of a tennis serve (Bahamonde, 2000) . In this study, the racket velocity variable was measured rather than the ball velocity, because it represents more directly the player performance excluding the influence of the racket and the string bed. The results of this study were similar to reports in the literature (Tanabe and Ito, 2007) and showed that racket velocity at impact presented reliable inter-session results. Similar racket velocity results between the laboratory and the tennis court conditions were observed, reflecting the absence of an influence of the laboratory conditions on the racket velocity at impact. Direction and ball effect are partly determined by the racket orientation at impact (Cross, 2011) . Height of the toss is another determinant of the ball direction and ball rotation (effect of the ball). At impact position, only the lateral tilt seemed to be reliable for the intersession test. The serve is a closed skill and the © Editorial Committee of Journal of Human Kinetics player has maximum control on the task. However, it does not mean that these serves were exactly the same among multiple trials (Reid et al., 2010) . The players need to adapt the racket position according to the ball toss for each serve, and the racket position at impact varies from one serve to another. It seems rational to observe variation of the racket orientation at impact. These variations should be all more important for the more distal segments of the kinetic chain. Furthermore, the racket moves fast at impact time. The acquisition frame rate was 200 Hz and was potentially too low to exactly determine the impact of the ball with the racket. It would be interesting to study the accuracy of the impact instant for several frequencies of acquisition.
We developed a measuring method to evaluate the accuracy of the ball's landing location. The procedure is comparable to the Fernandez-Fernandez et al.'s method (FernandezFernandez et al., 2014) . With this method, although accuracy was not determined to be significantly different between tests, poor reliability was observed. Previous experience may lead the player to prioritize accuracy over velocity. This theory is supported by the speed accuracy trade-off (SAT) phenomenon encountered in tennis (Chow et al., 2003) and could partly explain the poor reliability of the inter-session test. We also noted no significant difference concerning the ball accuracy between laboratory and field conditions. Thus it seems that the unfamiliar visual environment (distances and space) encountered in the laboratory did not influence the accuracy.
Technology is increasingly available to the public and provides feedback to tennis players to help them improve their performance and reduce their risk of injury. Certain of these tools are complex and are mostly found in laboratories, while others, being simpler and cheaper, are widespread and can be used by most in field studies. These new tools are often portable (e.g., accelerometer and electromyography) and may provide an alternative to the laboratory tests in the future.
Our study has several limitations. Firstly, the laboratory ceiling may have had a limited influence on the racket impact height. Secondly, adding four markers on the player and cameras on the court still slightly differs from the real competition game. Thirdly, the Hawthorne effect has to be considered in a laboratory study. However, its influence in our approach was limited because we compared two identical laboratory tests. Moreover, for the laboratory versus the field comparison, the players are aware, in both situations, of participating in an experiment.
To conclude, the present study consists of evaluating the reproducibility and pertinence of a biomechanical evaluation of the tennis serve in a laboratory. The studied variables had been described in the literature as variables related to performance and/or injury prevention of the tennis serve. We observed that the majority of these variables had excellent inter-session relative reliability. We also showed that the impact of the laboratory versus field context on the player's serve was limited. Overall, the present study demonstrated that tests performed in a laboratory can be used to evaluate a tennis player' serve.
